. This prototype also decreases the required duration of treatment by 50%. The study of the time course effect of the process on bacterial morphology suggests that glidarc induces major alterations of the bacterial membrane. We showed that glidarc causes the release of bacterial genomic DNA. By contrast, an apparent decrease in the level of extractible lipopolysaccharide was observed; however, no changes in the electrophoretic pattern and cytotoxic activity of the macromolecule were noted. Analysis of extractible proteins from the outer membrane of the bacteria revealed that glidarc discharge induces the release of these proteins from the lipid environment, but may also be responsible for protein dimerization and/or aggregation. This effect was not observed in secreted enzymatic proteins, such as pectate lyase. Analysis of the data supports the hypothesis that the plasma generated by glidarc discharge is acting essentially through oxidative mechanisms. Furthermore, these results indicate that, in addition to effectively destroying bacteria, glidarc discharge should be used to improve the extraction of bacterial molecules.
Industrial guidelines prescribing the use of nonchemical techniques of decontamination have evolved to avoid traces of antibacterial agents in the final product; consequently, this has encouraged research into physical techniques that kill bacteria, such as advanced oxidation processes.
Systems based on electric discharge, especially those that generate nonthermal plasma, appear to be very promising because of their low equipment and energy costs, their efficiency on diverse surfaces or media, and even their possible application to heatsensitive materials (25) . Producing nonthermal plasma requires specific conditions. Plasmas can be classified according to their energy level and proportion of light (electrons) and heavy species (e.g., molecules, atoms, radicals, and ions). Thermal plasmas, usually formed at high pressure (Ն1 atm), are media in which the energies of the two species are similarly high. By contrast, the mean energy of the electrons at low pressure is much higher than that of the heavy species, and the resulting plasma is designated "cold plasma." There are intermediate conditions at atmospheric pressure which allow for the formation of the nonthermal plasmas. Among the various techniques able to generate nonthermal plasma, we decided to study gliding arc, or "glidarc," discharge. We chose glidarc particularly because of its high industrial potential and its efficiency for decontamination. This technique was previously used for treating Escherichia coli (35) , Staphylococcus epidermidis (4) , and various species of the potato pathogen, Erwinia (26) . Glidarc has been shown to totally destroy Erwinia carotovora subsp. atroseptica, Erwinia chrysanthemi, and Erwinia carotovora subsp. carotovora cultures (26) . Bacterial killing using glidarc was achieved directly in the liquid medium at room temperature and was not accompanied by the formation of viable but noncultivable forms. However, this process required a lag time poorly adapted to online industrial applications. Moreover, bacterial sensitivity to glidarc treatment was variable; E. carotovora subsp. atroseptica, the main potato pathogen in Europe and also responsible for crop losses amounting to millions of euros each year worldwide (34) , was more resistant to the plasma treatment than the other Erwinia strains. Therefore, it was necessary to conceive a novel and more-efficient prototype for destroying these microorganisms. Additionally, identifying the major molecular and physiological targets for nonthermal plasma could lead to better control of the process of bacterial destruction by glidarc. This development will help in designing the next generation of equipment. The development also opens the way to new applications for glidarc, as shown by its use for the electrochemical conversion of pollutants.
In this study, we tested a novel glidarc prototype on the phytopathogen E. carotovora subsp. atroseptica. This bacterium was selected for two reasons, its resistance and its role in vegetal diseases ("black leg" of potato), as well as its relation to "quarantine microorganisms," i.e., bacteria whose presence on fruits and tubers nowadays forces total destruction of the crops. We studied various molecular targets, including DNA, lipopolysaccharides (LPS), membrane proteins, and an exoenzyme, to determine the mechanism of bacterial killing by glidarc discharge. We also suggest possible new applications of glidarc for extracting membrane-linked bacterial molecules.
MATERIALS AND METHODS
Glidarc reactor. The reactor used for this study is based on the "glidarc" device previously described by Lesueur et al. (22) and developed by Czernichowski and coworkers (7, 8) . This is a nonthermal quenched plasma system operated at atmospheric pressure and close to the ambient temperature. The main difference from our previous prototype (26) is the use of a four-electrode plasma generator. This new apparatus was designated "prototype 2" (Fig. 1) ; the discharge is produced by two principal, diverging, aluminum electrodes working at a high voltage fall (9 kV, 100 mA in open conditions). The two auxiliary electrodes, made of copper, are also connected to the generator initiating the divergent discharge. Gas is injected through a nozzle placed in the axis at the top of the reactor. An arc forms at the electrode minimum gap. It is pushed along the electrodes by the gas flow until it breaks into a plasma plume, while a new arc forms at the top of the electrodes. The plasma plume then makes contact with the liquid target, where the activated species can react at the liquid-gas interface.
The gas used to create the plasma is ambient air, i.e., a mixture of N 2 and O 2 supplied by an air compressor in which the discharges allow the formation of highly reactive species, including NO· and OH·. The gas supplied is saturated with water by passing it through a flask filled with bubbling distilled water to create more reactive species. The UV content of this plasma remains negligible (18, 19) . The reactor settings, such as the gas flow rate (liters · min Ϫ1 ), the electrode gap, and the distance between electrode tips and target, were kept constant during all experiments. The reactor was fitted with a circulating-water thermostatted jacket to limit the temperature increase during the experiments. The contact between plasma and liquid surface and the temperature exchanges were favored by continuous stirring.
Bacterial strain and culture conditions. E. carotovora subsp. atroseptica strain 1526 used in this study was provided by the French Library of Phytopathogenic Bacteria (INRA, Anger, France). The strain was maintained as a glycerol stock culture and stored at Ϫ80°C until use. E. carotovora subsp. atroseptica cells were resuspended and incubated at 28°C for 24 h in sterile Luria Bertani (LB) broth. Then, 200 ml of sterile LB was inoculated with 1 ml of this preculture and grown for another 24 h at 28°C. Fractions of this culture (25 ml) were then exposed to glidarc discharge. For this study, we used bacteria that were in the late stationary phase. This choice was determined by two factors: (i) bacteria in the environment spend most of their life in this physiological state (late stationary phase) and (ii) bacteria in late stationary phase are particularly resistant to decontamination (29) .
The classical plating technique on LB agar was used to plate cultures before and after treatment. Plates were incubated for 48 h at 28°C, after which viable colonies were counted.
Extraction of genomic DNA. Genomic DNA was extracted according to Sambrook et al. (32) . Briefly, 25-ml volumes of E. carotovora subsp. atroseptica cells (initial concentration, 10 10 CFU · ml Ϫ1 ), exposed and not exposed to glidarc discharge, were centrifuged at 5,000 ϫ g for 10 min at 20°C. The pellets were resuspended in 9.5 ml extraction buffer (1 M Tris, 0.5 M EDTA) and mixed with 0.5 ml of 1% sodium dodecyl sulfate (SDS) and 50 l of 20 mg · ml Ϫ1 proteinase K. After shaking, the suspension was incubated for 1 h at 37°C, and then 1.8 ml of 5 M NaCl and 1.5 ml CTAB buffer (10% hexadecyltrimethyl-ammonium bromide, 0.7 M NaCl in water) were added. The samples were incubated for another hour at 65°C.
We added 13 ml of chloroform-isoamyl alcohol (24/1; vol/vol) to the suspensions, and they were then centrifuged at 5,000 ϫ g for 10 min. Isopropanol was added to the supernatant in a proportion of 0.6 per volume.
The suspensions were gently shaken to release DNA. The suspensions were centrifuged, and the precipitant was then mixed with 1 ml of 70% ethanol and centrifuged at 10,000 ϫ g for a few seconds. The ethanol was removed, and the DNA was dried overnight at room temperature and resuspended in distilled water.
Extracted genomic DNA was run on a 1% agarose gel in 1ϫ TAE buffer (Tris-acetate-EDTA). The gels were then stained with ethidium bromide and visualized under UV light.
DNA assay. We determined the concentrations of DNA released from bacteria after they were exposed to glidarc discharge. The DNA concentrations were determined by measuring the optical density at 260 nm, assuming that 1 absorbance unit corresponds to 50 g · ml Ϫ1 nucleic acid. The degree of purity of the DNA was checked by measuring the ratio between the absorbance of the samples at 260 nm and at 280 nm (absorbance wavelength of proteins). Only samples presenting a ratio of Ͼ1.5 were used.
Scanning electron microscopy. E. carotovora subsp. atroseptica cells were fixed with 3% glutaraldehyde overnight. The cultures were then centrifuged (7,000 ϫ g, 10 min), and the pellets were rinsed twice in phosphate buffer. The samples were dehydrated by successive treatments of ethanol in water; the ethanol concentration for each treatment was increased in a step-wise manner with concentrations from 50% to 100%. The samples were finally dried at ambient temperature. The samples were coated with gold in a sputter coater (Jeol JFC 1100 E; Jeol, Japan) and were examined with a scanning electron microscope (SEM S4500; Hitachi, Japan).
Extraction and purification of the LPS. After exposure to glidarc discharge for various times, 25 ml cultures of E. carotovora subsp. atroseptica were centrifuged for 10 min at 5,000 ϫ g at 20°C. The pellets were then suspended in PBS buffer (0.8% NaCl, 0.02% KCl, 0.17% Na 2 HPO 4 , 0.8% KH 2 PO 4 ) and centrifuged again for 10 min. This washing step was repeated three times to eliminate all bacterial mucus that could interfere with the extraction of LPS. LPS was then purified as previously described (9) .
Assay and analysis of LPS. The apparent concentration of LPS in the extracts was determined by the measurement of 2-keto-3-deoxyoctunolic acid (KDO), using the technique described by Karkhanis et al. (15) .
A standard curve from 0 to 200 g · ml Ϫ1 KDO was extemporaneously established using purified KDO from Escherichia coli (Sigma) dissolved in 0.2 N H 2 SO 4 .
LPS extracted from treated (cells had undergone glidarc discharge) and untreated E. carotovora subsp. atroseptica cells were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (16) . The gel was stained with ethidium bromide (30 g · ml Ϫ1 ; 10 s) after electrophoresis, and the LPS bands were visualized by transillumination.
Determination of the cytotoxic effect of the LPS. The cytotoxic effects of LPS extracted from glidarc-treated and untreated E. carotovora subsp. atroseptica cells were investigated in primary cultures of glial cells using biochemical indicators of apoptosis and necrosis as previously described (28) .
Rat glial cells, obtained from newborn rats (24 to 48 h), were grown in Dulbecco's modified Eagle's medium-Ham's medium (2/1) supplemented with 10% fetal calf serum, 2 mM glutamine, 0.001% insulin, 5 mM HEPES, 0.3% glucose, and 1% antibiotic-antimycotic solution. The cells were layered at a concentration of 10 5 cells/slide on glass slides coated with poly-L-lysine (50 g · ml Ϫ1 ) and were incubated at 37°C in a 5% CO 2 humidified atmosphere. The culture medium was changed the first day after plating and then every 2 days. The cells were allowed to grow for 7 days before use.
Apoptosis was measured by the accumulation of nitrite ions (NO 2 Ϫ ) in the incubation medium; nitrite ions result from the spontaneous conversion of nitric oxide (NO) following the activation and induction of apoptosis-dependent NO synthase activities (23) . The concentration of NO 2 Ϫ was determined by using a technique derived from the Griess colorimetric reaction. This technique has been previously validated by Picot et al. (28) .
Necrosis was quantified by measuring the amount of lactate dehydrogenase (11, 28) . Extraction and determination of the concentration of outer membrane proteins. Outer membrane proteins were extracted by the spheroplast procedure (24) as modified by Dé et al. (10) . The total protein content was determined by two complementary methods, the Bradford (3) and the biuret (13) assays; this was because of the intrinsic variability of the protein assay techniques (33) and their possible sensitivity to active chemical species generated during glidarc treatment. The Bradford protein assay depends on the change of absorbance of Coomassie blue G-250 on the binding protein. By contrast, the biuret assay is based on the formation of a purple complex between biuret (NH 2 -CO-NH-CO-NH 2 ) and consecutive peptic bonds of the protein in alkaline medium.
The outer membrane protein fractions were analyzed by SDS-PAGE in a 7 to 15% discontinuous gel system. The proteins were visualized by Coomassie blue staining.
Assay of the PEL activity. The PEL activity was determined by measuring the formation of C4 and C5 unsaturated oliguronides at 235 nm, according to the technique reported by Collmer et al. (6) and modified by Laurent et al. (20) .
Statistical analysis. Each value in the assay was determined over a minimum of three independent measures. Student's t test was used to compare the means of various values within the same set of experiments.
RESULTS
We studied the effect of glidarc discharge on Erwinia carotovora subsp. atroseptica strain 1526 over a period of 10 min (Fig. 2) . The surviving bacterial population growth as a function of the treatment time, i.e., the percentage of the initial population versus time, showed two steps: (i) a rapid decrease of up to 9 logarithmic units of the initial bacterial population within 2.5 min and (ii) a second step with slower kinetics, leading to a total reduction of 10 logarithmic units within 5 min.
We monitored the temperature and pH of the cultures exposed to glidarc discharge in parallel during the same time. The pH decreased from 7.19 Ϯ 0.09 (mean Ϯ standard error of the mean [SEM]) to 3.7 Ϯ 0.05 after 10 min of treatment (Fig.  2) . The pH appeared to stabilize around pH 3.7, and no significant change was observed for the longer treatment period (data not shown). We also observed slight changes in the temperature of the culture during treatment (Fig. 2) . The temperature increased slowly from 30.8 Ϯ 0.2°C (initial temperature) to 46.0 Ϯ 0.1°C after 2.5 min of exposure to glidarc discharge. The temperature value (46.0 Ϯ 0.1°C) tended to stabilize between 2.5 and 10 min, as is visible on the graph (Fig. 2B ). E. carotovora subsp. atroseptica cells were exposed to the same temperature (46°C) and pH (3.7) in control experiments; however, these conditions did not result in bacterial death as observed in the glidarc reactor (data not shown).
Scanning electron microscope observations of the bacteria submitted to glidarc discharge indicated that the overall structure of the microorganism was significantly affected (Fig. 3) . The percentage of bacterial survival remained relatively high after 1 min of treatment (Fig. 3A) , and bacterial structural changes were limited; however, in some microorganisms, the surfaces appeared more rugged and their shape appeared less regular (Fig. 3B ). Bacteria exposed for 2.5 min appeared to lose their elongated shape and their surfaces became irregular (Fig. 3C) . The structural change was even more dramatic after 5 min of treatment. These bacteria showed deep surface cracks and a complete decay of any organized structure (Fig. 3D) .
The influence of glidarc discharge on the genomic DNA of E. carotovora subsp. atroseptica was investigated by electrophoresis and direct assay. Genomic DNA extracted from E. carotovora subsp. atroseptica cells treated with glidarc discharge for 1, 2.5, and 5 min revealed a marked increase in the spot intensity on the SDS-PAGE gel and a progressive spreading of the signal with the appearance of a smear (Fig. 4A) . Spectrophotometric DNA assay showed that when E. carotovora subsp. atroseptica cultures were exposed to glidarc discharge, the concentration of extractible genomic DNA increased greatly. The concentration of extractible genomic DNA was 37.5 Ϯ 1 g · ml Ϫ1 for untreated cultures, but it was 110 Ϯ 32 g · ml Ϫ1 for a culture treated for 1 min. For longer exposures, the total amount of extractible DNA increased significantly (P Ͼ 0.05) and reached 412 Ϯ 114 g · ml Ϫ1 after a 5-min treatment (Fig. 4B) .
The effect of glidarc discharge on E. carotovora subsp. atroseptica LPS was studied by direct measurement of KDO and SDS-PAGE. The apparent quantities of KDO, measured in cultures of E. carotovora subsp. atroseptica exposed to glidarc, decreased during treatment (Fig. 5) . However, in control cultures, the concentration of detectable KDO was 32 Ϯ 11 g · ml
Ϫ1
; it decreased significantly (P Ͼ 0.01) to 1 Ϯ 0.5 g · ml Ϫ1 in cultures that were treated for 10 min. These results were not consistent with visible on July 8, 2017 by guest http://aem.asm.org/ changes in the electrophoretic properties of LPS extracted from E. carotovora subsp. atroseptica cells, even after a 10-min exposure to glidarc discharge (data not shown). The apparent molecular mass of LPS remained unchanged, and no smear or spreading of the bands was observed. We investigated the effect of glidarc discharge on the cytotoxic activity of E. carotovora subsp. atroseptica LPS by using biochemical indicators of apoptosis and necrosis. Nitrites (NO 2 Ϫ ) are representative of the activation of inducible nitric oxide synthase associated with the apoptotic process; thus, we assayed the concentration of nitrites using a technique derived from the Griess colorimetric reaction. The control cell culture nitrite concentration was very limited (1.3 Ϯ 0.7 M). Incubation with LPS extracted from E. carotovora subsp. atroseptica cells (500 ng · ml Ϫ1 ) not previously exposed to glidarc discharge significantly stimulated inducible nitric oxide synthase activity: the concentration of NO 2 Ϫ in the medium reached 14 Ϯ 3 M. The NO 2 Ϫ levels measured using LPS extracted from E. carotovora subsp. atroseptica cells exposed to glidarc for 1 min (15 Ϯ 2 M) to 10 min (15 Ϯ 0.1 M) did not significantly differ from that of the control (data not shown).
LDH is a stable cytosolic enzyme released in the medium following destabilization of the plasma membrane, and its accumulation in the extracellular compartment is considered a necrosis marker (11) . The 0% LDH release was determined by using culture medium incubated with control extraction buffer in the absence of the cells. The 100% LDH release was defined as the total amount of LDH released in the culture medium after total necrosis of the cell population, provoked by adding a lysis buffer. We found only a low concentration of LDH, 20% Ϯ 2% of the total amount of enzyme potentially released after necrosis of the whole cell population, in the medium after 24 h of incubation in the control cells. This low level is indicative of the good health of the cultures. The percentage of LDH release in cells incubated with LPS purified from untreated E. carotovora subsp. atroseptica cells (500 ng · ml Ϫ1 ) was 51% Ϯ 2.5%. The percentage of LDH recovered from cultures exposed to LPS from E. carotovora subsp. atroseptica cells treated by glidarc was between 57% Ϯ 3% and 71% Ϯ 8%, but was never significantly different from the control values (data not shown).
The effect of glidarc discharge on membrane proteins in E. carotovora subsp. atroseptica cells was investigated by measuring the total concentration of extractible outer membrane proteins; we used two biochemical assays based on different principles, i.e., the Bradford and biuret assays. Using the Bradford technique, the apparent concentration of outer membrane proteins extracted from E. carotovora subsp. atroseptica cells increased when the cultures were exposed to glidarc discharge (Fig. 6A) . Similar results were obtained using the biuret assay, i.e., a significant increase in the apparent concentration of extractible outer membrane proteins after the cultures were exposed to glidarc discharge.
Outer membrane proteins extracted after exposing the bacteria to glidarc were analyzed by SDS-PAGE. There were major differences between the electrophoretic profiles of outer membrane proteins in cultures exposed to glidarc discharge and those not exposed (Fig. 6B) . For instance, a protein band of an apparent molecular mass close to 30 kDa was visualized in extracts from untreated cultures (Fig. 6B, lanes 1 and 2) , but was not present in samples from bacteria exposed to glidarc (Fig. 6B, lanes 3 to 8) . By contrast, various bands corresponding to high-molecular-mass proteins were observed in extracts from cultures exposed to glidarc (Fig. 6B, lanes 3 to 8) , whereas these bands were undetectable in extracts from control cultures (Fig. 6B, lanes 1 and 2) . PEL was selected as a representative indicator of secreted bacterial proteins. The PEL activities detected in the media from control and glidarc-treated E. carotovora subsp. atroseptica cells were not significantly different. The PEL activity in medium from control cultures was 1.1 Ϯ 0.1 U · ml
, whereas the PEL activity for bacteria exposed to glidarc discharge was between 0.9 Ϯ 0.1 U · ml Ϫ1 and 1.4 Ϯ 0.9 U · ml Ϫ1 (data not shown).
DISCUSSION
In this study, we developed a new glidarc discharge reactor. The main characteristic of this new prototype is that it has four electrodes instead of two, as in the older one. This modification generates a greater volume of plasma, a more-stable discharge, and a greater increase in the energy released in the discharge than those of the initial model. Thus, we obtained a more-effective prototype, which was confirmed by comparing the kinetics of E. carotovora subsp. atroseptica strain 1526 cell death in the two systems. The treatment time required to reduce an E. carotovora subsp. atroseptica population by 10 logarithmic units was about 5 min, whereas previously it was double that (10 min) (26) . Moreover, with this new prototype, bacterial killing appears to be immediate. The lag phase of the destruction kinetics observed with the first prototype was totally absent with the new prototype. The absence of this lag phase results from suitable modifications of the reactor, which release more energy and create more active species, such as OH· and NO·, in a very short time.
We also observed a rapid fall in the pH of the medium during exposure to glidarc discharge, as has been previously reported (26) . This decrease in pH can be explained by the creation of NO· radicals that form acid species in solution, such as HNO 2 /HNO 3 . The variation in pH was in the same range as previously noted and, therefore, is not responsible for the efficiency differences between the two systems.
We monitored the temperature during a 10-min decontamination run; we observed a mean increase of 16°C in the target medium, whereas no significant variation in the temperature was noted for the first prototype. This increase in temperature was certainly due to the plasma generated by the new reactor being more energetic. The temperature change and the pH fall probably contribute to bacterial stress. However, their role in bacterial death is apparently limited, as indicated by the results of our control experiments with E. carotovora subsp. atroseptica cells exposed to a similar temperature (46°C) and pH (3.7): these simple environmental variations did not provoke any significant bacterial death. These data suggest that temperature and pH combine with at least another factor, presumably a highly reactive chemical species, to generate the kinetics of (21) did not use the same type of plasma, their studies suggest that bacterial death could result from alteration of the integrity of the membrane followed by irreparable damage to nucleic acids. NO· and OH· are the main species formed in the plasma during glidarc discharge in humid air. NO· is responsible for acid effects, and OH·, produced in high quantities, is responsible for a strong oxidizing effect (2, 19) . Both acid and oxidative stresses strongly affect the permeability of the bacterial membrane, transmembrane potential, and intracellular pH (1, 31) . Glidarc provokes major structural alterations in the bacterial membrane, as shown by our scanning electron microscope observations. These structural changes can have multiple origins. Indeed, oxidative reactions can destabilize the bacterial chromosomal DNA-membrane interactions (30) . Similarly, it is well known that a mild acidic attack causes the cleavage of the O antigen of the LPS of the outer membrane of gramnegative bacteria (5) and that highly oxidative chemical species can induce changes in the protein content of the bacterial membrane (14) . Therefore, we investigated the effects of glidarc discharge on these various molecular targets. SDS-PAGE analysis of the chromosomal DNA extracted from E. carotovora subsp. atroseptica cells treated by glidarc discharge showed the rapid appearance of a smear. Smears generally indicate partial fragmentation of the nucleic acid. Oxidative damage to DNA is well documented in E. coli, in which even low doses of hydrogen peroxide generate breaks in the DNA sequence (17) . Our results are consistent with oxidative mechanisms being involved in the antibacterial effect of glidarc. However, the intensity of the spots on the electrophoresis gel increased with the duration of exposure to glidarc. This observation was confirmed by measuring the amount of DNA that was extractible from E. carotovora subsp. atroseptica cells submitted to various treatment times. The bacterial concentration was identical in all the samples; therefore, the only possible interpretation is that exposure to glidarc causes the release of chromosomal DNA from its membrane complex where it is normally anchored (12) , resulting in a better extraction yield of the macromolecule.
LPS, the major component of the outer membrane of gramnegative bacteria, is sensitive to low pH (5) , but it appears poorly sensitive to oxidative degradation. We determined the LPS concentration in extracts from E. carotovora subsp. atroseptica cells exposed to glidarc: it was shown to decrease during treatment. This result was unexpected since KDO, the marker in the LPS assay, is located in the core of the macromolecule and should not be cleaved in the case of acidic attack on the O antigen. In addition, no change in the electrophoretic properties of the LPS were observed, suggesting that, in fact, the KDO assay was biased by the oxidative species generated by the glidarc system in the medium. The absence of structural changes in the LPS was confirmed because the cytotoxic activity of the molecule remained unchanged, even after 10 min of glidarc treatment. A direct correlation between changes in the structure of the LPS and variations in the apoptotic and necrotic activities of the endotoxin has been previously demonstrated (28) . These results also support the hypothesis that, at least in the case of LPS, the role of the pH fall in bacterial death is limited.
The effect of glidarc discharge on outer membrane proteins, the third possible molecular target of the bacterial surface, was investigated by using two biochemical assays. Two assays were used to avoid any possible interference with the highly reactive chemical species formed during treatment, as observed in the KDO assay. The biuret and Bradford assays both indicated that, for treatments of 2.5 min or longer, the extraction yield of outer membrane proteins increased, presumably as a result of membrane destabilization. We also observed significant changes in the SDS-PAGE electrophoretic pattern of outer membrane proteins before and after exposure to glidarc discharge. We noted the disappearance of low-molecular-mass proteins of close to 30 kDa, but observed a greater proportion of high-molecular-mass forms of between 35 and 90 kDa. These results are consistent with the observations of Igumenov et al. (14) , who demonstrated that oxidation can initiate the formation of the protein complex in the E. coli membrane. However, no variation was observed in the PEL activity, which is used as an indicator for secreted protein. Therefore, it ap- pears that oxidation specifically affects membrane-linked proteins, presumably because of their close contacts within the membrane. These results are consistent with the hypothesis that glidarc discharge acts on the bacterial structure essentially through oxidative mechanisms. The role of oxidation in glidarc discharge indicates that postdischarge processes take place in the sample after the end of the treatment. This hypothesis is worth investigating further.
Conclusion. This study involved the use of a novel prototype for a glidarc reactor. Changes in the configuration of electrodes allow an increase in the performance of plasma, resulting in a twofold reduction of the time required for bacterial killing. Detailed analysis of the potential molecular targets in this process reveals that nonthermal plasma acts under various mechanisms driven essentially by oxidation and mediated by destabilization of the interaction of DNA and proteins with the plasma membrane. The unexpected consequences of this effect, characterized by an increase in the extraction yield of DNA and proteins, suggest that glidarc discharge should be used for extracting bacterial molecules. Together, these results allow the development of glidarc decontamination systems at an industrial level. The potential applications of this technology are widespread, including the rapid decontamination of laboratory surfaces, the treatment of liquid waste, and the recycling of water in agriculture. Today, various collaborative industrial projects based on glidarc technology are being carried out by the Technological Platform of Evreux (PFT) and other European partners.
